Abstract 0 Scanning confocal fluorescence microscopy was used to image localized regions of calcein transport across human stratum corneum during constant low-voltage (iontophoresis) and pulsed highvoltage exposures. Following an electrical protocol, imaging revealed regions of fluorescence which were interpreted as sites where transport of a fluorescent probe (calcein) into the stratum corneum had taken place. Electrically-assisted transport of calcein, whether enhanced by iontophoresis or high-voltage pulsing, appears to occur through intercellular and, to some extent, transcellular pathways into localized regions of stratum corneum that are not associated with appendages. Uniquely associated with the highest voltage pulses used (300 V across the skin) was the appearance of small, brightly fluorescent areas containing nonfluorescent interiors, i.e., fluorescent "rings". We present evidence which suggests that the dark interiors represent sites through which transport occurred during pulsing, but where calcein was no longer present at the time of imaging. Transport of charged microspheres into the stratum corneum was also observed.
Introduction
Despite the potential advantages of transdermal drug delivery, few drugs can be administered across the skin at therapeutic rates, due to the remarkable barrier properties of the stratum corneum. 1, 2 Approaches have been investigated to enhance transdermal transport, including application of chemical enhancers, 3 ultrasound, 4 iontophoresis, 5 and most recently, short-duration high-voltage pulses. 6 Of critical importance to understanding transdermal transport is identifying the route(s) by which molecules cross the stratum corneum. Under passive conditions, drugs are believed to diffuse across the stratum corneum following a tortuous intercellular route. [7] [8] [9] [10] During iontophoresis, pathways for small ions apparently exist within sweat ducts and hair follicles. 9, [11] [12] [13] Iontophoretic transport of drugs may also occur through the bulk of stratum corneum. 10, 14, 15 Iontophoresis involves the application of a low voltage (usually <5 V) across the skin to enhance transdermal transport, primarily by electrophoresis or electro-osmosis. [16] [17] [18] In contrast, brief (micro-to milliseconds) electric pulses up to a few hundred volts have also been applied to skin. The resulting enhancement may involve transient structural changes within the intercellular bilayers of the stratum corneum 6, [19] [20] [21] [22] [23] [24] [25] [26] that are mechanistically similar to electroporation. 27, 28 In this investigation, we imaged regions of transport across human stratum corneum during either highvoltage pulsing or iontophoresis using scanning confocal fluorescence microscopy to optically section tissues. 29, 30 
Materials and Methods
Full-thickness (with subcutaneous fat removed) or dermatomed human skin was obtained from autopsy or surgical procedures and stored for up to 10 days at 4°C on filter paper moistened with phosphate-buffered saline (PBS; pH 7.4, 150 mM total salts; Sigma, St. Louis, MO). Skin was loaded into side-by-side permeation chambers (Crown Glass Co., Somerville, NJ) 31 containing well-stirred PBS at 37°C. To ensure intact skin barrier function, only skin samples which had resistivity greater than 20 kΩ-cm 2 were used.
After 1 h, PBS was emptied from the chambers and replaced with 1 mM calcein (Sigma) in PBS in the donor compartment (facing the stratum corneum, 0.7 cm 2 exposed skin) and fresh PBS in the receptor compartment (facing the dermis). Calcein, a zwitterionic (net charge -4 at the pH values employed in these experiments 32 ) fluorescein derivative (Mr ) 623 Da (ref 32)), was used to track the pathways of ionic transport in the tissue. 33 Calcein is excited by the 488 nm line of the confocal laser. Its fluorescence is independent of solution pH in the range 6-8. Highly-charged (50-300 Å 2 /charge (ref 34)) carboxylate-modified latex microspheres (0.01, 0.1, 0.2, 0.5, 1.0, and 2.0 µm diameters; FluoSpheres, red fluorescent, Molecular Probes, Eugene, OR) were also used as transport probes in some instances. For these measurements, the microspheres were added to the donor compartment with the calcein at 0.1 mg beads/mL. After at least 1 h of passive exposure to calcein, fresh PBS was placed in the receptor compartment and electrical protocols were applied for 1 h, unless otherwise noted. Within 10 min after termination of electrical exposure, skin samples were gently removed from the permeation chambers, rinsed with PBS, rapidly frozen in liquid nitrogen, and stored at -80°C until analysis. Exceptions to this protocol are noted in the text.
Our electrical apparatus has been discussed previously. 25 Briefly, Ag/AgCl electrodes (In Vivo Metrics, Healdsburg, CA), each located approximately 3 cm from the skin, were used to apply either (a) exponential-decay electric pulses (exponential-decay time constant, τ ) 1.1 ( 1 ms; ECM 600, BTX, San Diego, CA) at a rate of 12 pulses/ minute or (b) a continuous, constant iontophoretic current (Model APH 1000M Kepko, Flushing, NY), in a standard side-by-side diffusion chamber. The negative electrode was in the donor compartment, while the positive electrode was in the receptor compartment. Reported pulse voltages are average transdermal values determined during the first pulse of each hour-long sequence of pulses. Because significant voltage drops occurred within donor and receptor solutions and electrodes, the voltage applied across the electrodes was approximately 3-fold higher than the transdermal voltage. 6, 24, 35 After storage at -80°C, skin samples were warmed to room temperature, subjected to post-treatment staining (if appropriate), and then examined by scanning confocal fluorescence microscopy. We used an MRC-600 confocal system (Bio-Rad Microscience, Hercules, CA) mounted on a Nikon upright microscope (Optiphot-2, Nikon Inc., Melville, NY) and equipped with a krypton/argon mixed-gas laser that provided excitation wavelengths (λex) of 488, 568, and 647 nm. The objective lenses used were the Nikon CF Fluor 10× dry (numerical aperture (NA) of 0.5), which provided an overview of the specimen, and the Nikon CF Fluor 40× oil (NA of 1.30), employed for detailed examination. We used Nikon immersion oil, with an index of refraction of 1.515, and No. 1 circular coverslips (Fisher Scientific, Pittsburgh, PA) for all experiments. Photographs were obtained from X Abstract published in Advance ACS Abstracts, November 1, 1996. a dedicated photorecord system (Image Corder Plus, Focus Graphics, Inc., Foster City, CA).
Two fluorescent probes were utilized for post-treatment tissue staining. Nile Red (Molecular Probes), a solvatochromatic phenoxazine dye excited by the 568 nm laser line, is useful for general lipid membrane staining. 33 It is almost nonfluorescent in water and other polar solvents, but exhibits strong red fluorescence when in a nonpolar environment. Dil, (DilC18(3); 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; Molecular Probes), another lipophilic dye, is also excited by the 568 nm confocal laser line and emits orange Figure 1sSchematic of the tissue sample holder used for imaging skin with the scanning confocal fluorescence microscope. First, skin is exposed to fluorescent probes and electrical protocols in a side-by-side permeation chamber. Then, a piece of the skin is set onto the top of a Lucite piston riding inside a Lucite cylinder. A circular coverslip is applied to the top of the cylinder and held there by silicone grease. The piston is gently advanced upward until the tissue sample contacts the coverslip. A nylon bolt is used to secure the piston. The cylinder/piston assembly is then mounted on a microscope slide with adhesive wax. ). Transport appears to have occurred largely through intercellular routes in localized regions of the stratum corneum. The confocal micrographs shown (Figures 2−6) represent optical sections approximately parallel to the skin surface with axial (z) resolutions of approximately 3.5 µm (λex ) 488 nm, λem ) 518 nm) and 4.1 µm (λex ) 568 nm, λem ) 590 nm) for the 10× lens (NA ) 0.5, n ) 1.0), and 0.5 µm (λex ) 488, nm λem ) 518 nm) and 0.6 µm (λex ) 568 nm, λem ) 590 nm) for the 40× lens (NA ) 1.30, n ) 1.515). 41 The lateral (x−y) resolution of both lenses was about 0.17 µm (ref 41) . Thus, confocal micrographs at lower magnification integrate fluorescence from several layers of the upper stratum corneum, while those micrographs acquired at higher magnification resolve fluorescence from approximately a single layer. Cross-sectional (x−z) micrographs, which show an optical section made perpendicular to the skin's surface, are also presented. While the "thickness" of such a section is the lateral resolution of the particular lens, the resolution of these sections deteriorates as a function of depth into the tissue due to index of refraction mismatch between the optics (n ) 1.515) and the biological sample (ranging from 1.3 for water to ∼1.6 for skin).
fluorescence. Post-treatment staining with Nile Red was performed by diluting a stock solution of 0.5 mg/mL Nile Red in acetone into 75% glycerol in water to a final concentration of 12.5 µg/mL. Posttreatment staining with Dil was performed by diluting a stock solution of 10 mM Dil in DMSO into deionized water to a final concentration of 10 µM. A drop of either solution sufficient to cover the skin sample was placed on the skin for at least 15 min and then washed off with PBS.
The skin sample to be viewed was mounted in a specially-designed piston-cylinder sample chamber (Figure 1 ). To view calcein fluorescence only, samples were excited at 488 nm, while emitted light was collected through the BHS (blue high-sensitivity) filter block (BioRad). To view both calcein and Nile Red, Dil, or microsphere fluorescence, the K1/K2 dual filter blocks (Bio-Rad) were used. This permitted simultaneous excitation of the sample at 488 and 568 nm and concurrent collection of the green and red fluorescence in separate channels. Optical sectioning of the skin is restricted to its outer 20 µm due to light scattering and absorption of the emitted fluorescence 33 and refractive index mismatch of the skin and the microscope optics. 36 
Results
Human skin was exposed to fluorescent probes and electrical protocols in vitro using a side-by-side permeation chamber. The skin was then removed and examined by scanning confocal fluorescence microscopy. After iontophoresis at 1 mA/ cm 2 , calcein was heterogeneously transported into the stratum corneum (Figure 2A) , as revealed by occasional large areas (measuring up to 10 cell diameters, or a few hundred microns, across) which were more brightly labeled than the surrounding tissue. While fluorescence generally appeared to be intercellular ( Figure 2B ), a signal was sometimes seen to originate from within the interior of keratinocytes. The typical hexagonal outlines of cells were always evident within the brightly-labeled regions, suggesting that no gross morphological changes had occurred. Cross-sectional images showed that calcein was present throughout the stratum corneum ( Figure 2C ). This view shows (a) a thin dark region on top corresponding to the saline and coverslip, (b) a bright region below corresponding to the stratum corneum, and (c) a dark region further below corresponding to the deeper tissues.
The appearance of fluorescence in the skin after highvoltage pulsing was a function of the voltage applied. We examined high-voltage electric pulses which are believed to have reversible effects on skin (40 and 75 V), as well as pulses of higher voltage which are only partially reversible (300 V). 6 Pulses of 40 and 75 V across the skin resulted in bright regions of dimensions similar to those found after iontophoresis (Figure 3 ). Both intercellular and intracellular fluorescence was observed. Outlines of cellular structures were also evident. However, unlike iontophoresis (Figure 2 ) or pulsing at 40 or 75 V (Figure 3 ), pulsing at higher voltage (300 V across the skin) led to the appearance of bright regions containing dark interiors, i.e., fluorescent "rings" (Figure 4 ). These rings were never observed in iontophoretic or lowervoltage (40-75 V) pulsed samples and were always found in samples pulsed at 300 V. Pulsing at voltages greater than 300 V was not performed.
The bright outer portions of the rings had fluorescence intensities similar to those of the bright regions seen at lower voltage. Both intercellular and intracellular regions contained fluorescence. Higher magnification of the dark ring interiors sometimes showed (a) faint fluorescent outlines of cellular shapes ( Figure 4B ); (b) fluorescent outlines of rounded, but apparently non-cellular, shapes ( Figure 4K) ; or (c) no detectable fluorescence ( Figure 4D ). Cross-sectional views showed the presence of a thin fluorescent "cap" on top of a dark, unlabeled area ( Figure 4E ). This is consistent with the x-y sections in which solid patches of superficial fluorescence gave way to ring-like shapes in deeper sections (Figure 4) .
To further characterize the dark ring interiors, electricallytreated skin samples were passively stained with nonspecific lipophilic dyes, either Nile Red or Dil, before imaging with the confocal microscope. Since these dyes fluoresce in the red, they could be distinguished from calcein's green fluorescence. In low-magnification images containing rings of calcein fluorescence ( Figure 5A ), the fluorescence from the lipophilic stain displayed fairly uniform brightness, with no evidence of ringlike structures ( Figure 5B ). Examination of rings under higher magnification showed that the ring interiors displayed no calcein fluorescence but did display red fluorescence ( Figure  5C,D) , suggesting that the ring interiors contained lipophilic material. The nature of the ring interiors was further investigated by including red-fluorescent, highly-negativelycharged latex microspheres with the calcein in the donor compartment during high-voltage pulsing. While some of the microspheres were found distributed over the surface of the stratum corneum, most were found packed within the ring interiors ( Figure 5E-H) .
Calcein fluorescence was also observed in hair follicles ( Figure 6 ) after high-voltage pulsing (at 300 V). However, the spatial distribution of fluorescence within hair follicles is distinctly different from that of the bright regions and rings shown in Figures 4 and 5 . We conclude that the rings appear to be located mainly in the stratum corneum itself and are not associated with appendages.
Discussion
In the confocal images, fluorescence indicates the presence of one of the experimentally-applied labels (calcein, Nile red, etc.), while dark regions correspond to sites without fluorescent compound. Regions which were fluorescent can therefore be interpreted as sites where transport of the fluorescent compound occurred (either passively, as in the case of Dil and Nile Red, or under the influence of an electric field in the case of calcein and microspheres) and some of that material was still present when the sample was imaged. Regions which were not fluorescent could represent locations where either transport did not occur or transport had occurred, but in which the fluorescent compound was no longer present at the time of imaging. It is, however, possible that in the dark regions the local environment or the fluorophore was altered such that, despite its presence, the compound did not fluoresce.
The bright regions observed after iontophoresis ( Figure 2 ) suggest that rransport occurred via intercellular routes in localized regions rather than over the entire skin area. These regions may represent areas where local skin resistance is lower than that of adjacent tissue. Similarly, previous studies have identified localized regions of high current density (i.e., sites of small ion transport) during iontophoresis [11] [12] [13] and have also reported molecular transport that was intercellular during passive [7] [8] [9] [10] and iontophoretic 10, 14, 15 exposures. Unlike previous studies, the localized sites of transport observed in this study were not associated with appendages. Moreover, transport into keratinocyte interiors was also observed ( Figure  2) , suggesting that transcellular pathways may be important.
After pulsing at lower transdermal voltages (40 and 75 V) (Figure 3) , the transport regions imaged were similar to those observed following iontophoresis. Pulsing at these voltages was investigated because previous studies have indicated that they result in significant transdermal flux enhancement which is fully reversible. 6 Pulsing under these conditions may have resulted in more intracellular fluorescence than iontophoresis, but insufficient data presently exist for a firm conclusion.
Pulsing at higher transdermal voltage (300 V) has been shown to cause large, and only partially reversible, increases in flux. 6 In this study with the confocal microscope, localized regions of transport were also evident, but had ring-like shapes (Figure 4) . The bright outer portion of the rings probably correspond to sites of calcein flux. Moreover, fluorescence seen within keratinocyte interiors in these regions suggests the presence of a transcellular route of transport. Transcellular transport pathways have been predicted by recent theoretical studies of high-voltage pulsing of skin. 37, 38 The presence of faint fluorescent outlines within the dark areas ( Figure 4) suggests that transport did occur in this region, but that very little calcein was present at the time of imaging. Subsequent experiments in a related study 39 have shown that sites of fluorescence in stratum corneum do, in fact, correspond to sites of transdermal transport. Further, the lipophilic dyes show the presence of what is probably cellularly-associated lipid within these dark areas ( Figure 5 ). The most significant finding is the clustering of charged microspheres within the dark regions. We interpret that these dark areas, which appear to contain cellular material, are sites where transport of calcein and microspheres occurred during pulsing, but in which calcein was no longer present at the time of imaging. Calcein may have been removed during pulsing by an electric-field-mediated event or at some point after pulsing, perhaps during the skin-washing step. The existence of the green fluorescent "cap" over the dark area ( Figures 4E,M) may be due to subsequent diffusion of calcein from neighboring tissue. Further investigations are necessary to test this hypothesis.
Despite our limited understanding of rings and their interiors, it is evident that they are associated uniquely with pulsing at high voltage. To our knowledge, transport localization of this sort has not been reported previously in the transdermal literature, but has since been reproduced in another study performed under similar conditions. 39 In the present study, rings were consistently observed in each of 11 skin samples from 5 different donors with high-voltage pulsing applied at 300 V across the skin, and never observed in each of 13 skin samples from 5 different donors exposed to pulsing applied at lower voltages (40 and 75 V) or iontophoresis at 1 mA/cm 2 .
In conclusion, electrically-assisted transdermal transport of calcein, whether enhanced by iontophoresis or high-voltage pulsing, appears to occur through intercellular and, to some extent, transcellular pathways across localized regions of skin apparently not associated with appendages. These sites of transport may represent low-resistance regions in the skin. The appearance of rings has been observed only under conditions of higher-voltage pulsing. These rings have been partially characterized, but their exact nature is presently unclear. 
